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1.0 


INTRODUCTION 


Over  the  past  seven  years  since  the  initial  identification  by 
the  authors  of  defect  distributions  in  CdTe/CdZnTe  (CdTe) 
substrates  and  epitaxial  layers  of  HgCdTe,  improvements  in 
both  substrate  near-surface  q’lality  and  defect  zoning  in 
epilayers  have  been  noted.  Progress  in  control  of  impurities 
and  elimination  of  prominent  sources  has,  however,  been 
almost  non-existent. 

With  the  development  of  new  procedures  and  analytical 
techniques,  impurity  zoning  in  localized  regions  can  now  be 
identified  and  potential  sources  isolated.  In  addition,  the 
deployment  of  scanning  UV-laser  cleaning  procedures, 
developed  by  the  authors  and  used  since  1982  for  removing 
particulates  and  residues  from  semiconductors,  now  provides 
the  opportunity  for  in-situ  cleaning  of  surfaces  within  the 
deposition  chamber  immediately  prior  to  layer  growth. 

This  report  provides  a  brief  description  of  research 
conducted  over  the  past  2  years  on  LPE,  CSVPE,  MOCVD,  and  MBE 
-  HgCdTe  layers  deposited  on  CdTe  or  CdZnTe  substrates 
including  additional  research  on  solid  phase  regrown  HgCdTe, 
THM  material  and  substrates.  , 

In  the  sections  to  follow,  we  present  information  obtained 
on  localized  impurity  clustering  iji  HgCdTe  and  CdTe  material, 
non-equilibrium  diffusion  during  growth,  interaction  with 
distributed  defects,  core  site  nucleation  centers  and 
potential  origin  of  impurities,  including  both  starting 
material  quality  and  secondary  "system"  contributed  sources. 

2 . 0  IMPURITIES  IN  HgCdTe  MATERIALS 

The  presence  of  distributed  impurities  in  CdTe  has  been 
suggested  from  photo-luminescence  (PL)  measurements.  In  like 
manner,  DLTS  measurements  obtained  on  HgCdTe  material  have 
identified  the  presence  of  impurities  in  isolated  regions. 

In  all  cases,  however,  the  data  has  been  extremely  restricted 
by  lack  of  resolution  and  a  limited  range  of  impurity 
detection.  SIMS  profiling  measurements  obtained  in  random 
zones  by  all  laboratories  have  also  shown  the  presence  of 
impurities  in  spatially  defined  regions,  but  the  lack  of 
technology  development  precluded  isolation  and  consistent 
analysis  of  impurity  zoning  during  earlier  periods. 
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The  difficulty  in  finding  and  localizing  inpurity  sites  for 
standard  analytical  measurement  has  been  one  of  the  major 
factors  limiting  characterization  of  HgCdTe  detector  material 
over  the  past  decade.  Unfortunately,  this  factor  has 
resulted  in  a  failure  to  identify  one  of  the  more  significant 
problems  in  growth  technology  and  a  series  of  approaches  have 
been  implemented  that  are,  in  general,  inappropriate  for 
improving  device  yield  or  materials  properties  impacting 
yield . 

To  expose  impurity  cluster  sites  in  HgCdTe  or  CdTe  (CdZnTe) , 
v/e  developed  controlled  etching  procedures  chat  would  allov/ 
the  site  with  the  surrounding  strain  field  to  be  exposed  and 
subsequently  examined  using  scanning  electron  microscopy 
(SEM)  or  optical  microscopy  (Momarski  mode).  The  behavior  of 
Che  reaction  involving  im.purities  and  chemical  etchants  on 
HgCdTe  is  given  by: 


HgCdTe  +  oxidant 


>  Hg'Cd'Te' 


(oxidized  products) 


Hg'Cd'Te'+X 
I  +  oxidant 


Hg'X,Cd'X,Te'X 

I' 


(soluble  products) 


where  X  represents  complexing  agents  and  I  represents 
impurities  in  the  HgCdTe  matrix. 


(1) 

(2) 

(3) 


The  actual  reaction  system  is  composed  of  the  HgCdTe  matrix 
material,  oxidant,  complexing  agents,  and  impurities  in 
various  chemical  states.  Since  the  reaction  rates  are 
dependent  upon  the  concentration  of  both  reactant  and 
products,  delineation  can  be  controlled  by  varying  concenrra- 
tions.  In  this  case,  the  rates  o_  reaction  are  defined  by: 


Rl  =  Ki 

[HgCdTe] [Oxidant] 

(4) 

R2  =  ^2 

[Hg'Cd'Te' ] [X] 

(5) 

R3  =  K3 

[ I ] [Oxidant] 

(6) 

In  normal  isotropic  etching  or  dislocation  pit  delineation, 
the  reaction  rates,  and  R2 ,  are  extremely  high  and 
material  is  removed  rapidly.  However,  since  the 
concentration  of  localized  impurities  is  small  compared  to 
the  concentration  of  oxidant,  the  rate,  R3 ,  must  be  carefully 
controlled,  relative  to  R^  and  R2 ,  to  expose  impurity  cluster 
sites  and  associated  strain  fields  within  the  matrix.  The 


change  in  the  electro-chemical  potential  within  the  strain 
field  region  also  influences  reaction  rates  around  the 
impurity  site.  Hence,  the  relative  concentrations  of 
complexing  agents  and  oxidant  must  be  adjusted  to  retain 
features  intact.  Furthermore,  the  solution  must  be  adjusted 
for  changes  in  alloy  composition  (X-value) ,  as  has  been 
established  for  dislocation  etchants,  where  and  R2 
composition  dependent. 

A  similar  procedure  has  also  been  used  effectively  to  isolate 
and  analyze  both  near-surface  drive-in  impurities  and 
impurities  contained  within  the  bulk  of  LEC-GaAs  crystals. 

In  Figs.  1  and  2  are  shown  a  representative  micrographs 
illustrating  the  clarity  and  detail  that  can  be  obtained 
relative  to  the  cluster  site.  If  the  etch  is  terminated  in 
sufficient  time,  the  impu^'ity  site  can  be  exposed  and  the 
central  cluster  retained.  If  etching  is  continued,  the  site 
is  removed  and  a  new  depth  plane  will  be  exposed.  Following 
this  procedure  we  show  in  Fig.  3  the  gettering  of  impurities 
along  dislocation  lines  within  the  bulk  of  an  LEC-GaAs 
crystal . 

For  HgCdTe,  the  solutions  are  altered  and  adjusted  for 
variable  alloy  (X)  composition.  In  Figs.  4  and  5,  we  show 
the  details  of  clustering  around  subgrain  boundary  regions  of 
HgCdTe  and  along  misfit  dislocation  lines  in  the  interface 
transitional  region  of  the  LPE  HgCdTe  film.  It  can  be  noted 
that  the  relative  impurity  cluster  sizes  are  variable  and 
many  of  the  smaller  sites  are  located  immediately  adjacent  to 
dislocation  lines  in  the  subgrain  boundary  regions  or  along 
threading  dislocations. 

To  isolate  depth  zoning  regions  within  HgCdTe  films  or 
substrates,  we  used  calibrated  stripping  (isotropic) 
solutions  and  subsequently  exposed  the  surface  to  the 
delineation  solution.  Prior  to  chemical  analysis,  the 
samples  were  examined  in  our  laser-microscope  system.  Since 
the  system  was  designed  to  allow  UV  laser  irradiation  to  be 
focused  confocally  in  the  target  plane  with  the  HeNe  laser 
light  and  a  broad  band  visible  beam,  conventional  UV  laser 
cleaning  could  be  used  to  remove  all  residue  traces  and 
particulates  contained  on  the  surface. 

Using  the  indexing  system  on  the  Klinger  X-Y  table,  exact 
coordinates  could  be  determined  for  impurity  cluster 
location.  Using  the  variable  aperture,  additional  control 
could  be  obtained  to  allow  exact  positionin'  of  the  cluster 
location . 
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Impurity  Sites  Showing  Strain  Field 
Region  and  Partially  Removed 
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Impurity  Gettering  Along  Dislocations 
in  LP-LEC  (Undoped)  GaAs 


Fig.  Micrograph  showing  internal  gettering  of  impurities  i  00  (/??[/ 

on  dislocation  lines  in  LP-LEC  GaAs.  Gample  was 
etched  to  remove  2  mils  of  material  from  the 
surface  and  subsequently  exposed  to  delineation 

etch  to  reveal  impurity  clusters  and  surrounding  001^ 


since  the  etch  was  terminated  prior  to  "opening"  of  the 
impurity  site,  only  the  strain  field  region  was  exposed  at 
the  surface.  The  presence  of  small  protrusions  could  then  be 
noted  with  the  impurity  cluster  remaining  buried  beneath  the 
surface.  This  procedure  allows  consistent  analyses  to  be 
performed  within  localized  areas  of  the  sample. 

In  the  section  to  follow,  v;e  present  models  of  the  impurity 
segregation  and  defect  nucleation  zones  found  in  epitaxial 
HgCdTe  films,  based  on  data  acquired  during  the  past  two 
years.  This  v/ill  provide  a  base  for  discussion  of  data  and 
allow  reference  to  spatially  defined  regions  of  impurity 
clustering/ segregation . 

3 . 0  MODEL-DEFECT  AND  IMPURITY  DISTRIBUTIONS  IN  LPE  ( VPE ) 

AND  MBE  riMOCVDl  -  HgCdTe  FILMS 

In  Fig.  6,  v;e  show  a  schematic  of  defect  and  impurity 
distributions  found  in  LPE  (VPE)  films.  This  represents  a 
compilation  of  data  obtained  on  films  examined  over  the  past 
two  years  and,  as  such,  is  a  composite  of  analytical  data 
obtained  on  samples  from  all  available  sources.  The  severity 
of  problem  areas  depicted  may  indeed  vary  from  film  to  film. 
Although  the  zones  are  shown  as  contiguous  regions,  the  most 
characteristic  feature  of  each  is  scattered  variability. 
Impurity  distributions,  nonetheless,  are  found  in  all  films 
currently  available  in  the  technology  area. 

Zone  1  is  a  characteristic  end-point  region  typically 
displaying  variations  in  composition  and  surface  morphology. 
.Analysis  of  these  regions  shows  excessive  impurity 
concentrations,  line  defects  and  measurable  changes  in 
carrier  transport  properties.  This  zone  has  persisted  in  the 
technology  and  few  improvements  have  been  noted  since  the 
first  reports  by  the  authors.  Currently,  suppliers  routinely 
etch  this  zone  to  obtain  uniform  film  properties  and  to 
provide  uniform  surface  morphology  for  processing.  In  LPE- 
films,  the  width  of  Zone  1  is  variable  and  in  MOCVD  and 
CSVPE,  variation  in  surface  morphology  is  the  dominant 
factor. 

Zone  2,  the  interior  film  region,  is  characterized  by  the 
presence  of  spatially  or  laterally  varying  threading 
dislocation  lines,  gettered  impurities  on  dislocation  lines 
and  impurity  clusters  on  discrete  nucleation  sites. 
Identifiable  nucleation  core  sites  include  Te  and  0.  In  many 
zones  on  separate  films,  the  dislocation  density  (threading) 
is  approximately  equal  to  the  substrate  dislocation  density. 
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Fig.  6.  Schematic  showing  distribution  of  defects/ impurities 
in  LPE-HgCdte  epi-layer/substrate  system 


In  other  zones,  the  dislocation  line  density  is  less  than 
either  the  interface  transitional  zone  dislocation  line 
density  or  the  substrate  density  in  the  adjacent  region. 

This  has  been  discussed  in  great  detail  in  earlier  reports 
and  the  current  data  remains  consistent  with  earlier 
conclusions . 

The  interface  transitional  region.  Zone  3,  contains  misfit 
dislocations  in  laterally  discontinuous  regions,  gettered 
impurities  on  defects  and  secondary  damage  remnants  inherited 
from  the  substrate.  Although  the  quality  and  control  of 
substrate  near-surface  finish  has  improved,  the  presence  of 
random  (buried)  substrate  polishing  remnant  defects  remains. 
Often  associated  with  these  sporadic  remnant  defects  are 
particulates  and  extraneous  impurities  introduced  during 
polishing.  Also  observed  in  all  films  examined  is  an 
extremely  high  concentration  of  impurity  clusters  either 
nucleated  along  line  defects  or  at  discrete  core  sites.  The 
impurity  cluster  density  was  always  highest  in  the  interface 
transitional  region  and  typically  observed  in  laterally 
distributed  zones.  Twin  or  subgrain  boundaries  within  the 
substrate  have  also  been  shown  to  propagate  into  the  epilayer 
and  form  very  effective  gettering  sites  for  impurities  within 
the  film.  This  was  not  identified  as  a  discrete  zone  within 
the  epilayers  since  the  boundaries  extend  throughout  the 
film. 

Procedures  proposed  to  control  the  properties  of  Zone  3  have 
included  introduction  of  In  doping  to  compensate  defects  and 
impurities  or  growth  of  multilayer  films  of  prescribed 
thickness.  In  each  case,  however,  these  are  regarded  as 
tangential  or  peripheral  to  the  ultimate  goal  of  controlled 
technology  for  improved  device  performance  and  yield. 

The  substrate  surface  (Zone  4)  is  a  source  of  impurities 
retained  from  the  cleaning  step.  This  was  first  identified 
by  the  authors  in  1983  and  subsequently  the  data  has  been 
reproduced  by  a  number  of  other  investigators.  Although  some 
improvement  has  been  noted,  all  the  cleaning  procedures 
reported  for  CdTe,  CdZnTe  and  HgCdTe  have  failed  to  produce  a 
"clean"  surface  suitable  for  the  technology.  New 
developments  now  offer  effective  alternative  approaches  for 
removing  residues,  oxides,  and  particulates  (adhering  by 
electrostatic  attraction) ,  they  will  be  discussed  in  a  later 
section . 
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The  substrate  near-surface  region  (Zone  5)  contains  high 
concentrations  of  Cxi,  Fe,  and  other  impurities.  Although  the 
substrate  also  contains  bulk  impurities  introduced  during 
growth,  a  finite  zone  containing  high  concentrations  of  depth 
distributed  Cu  exceeds  the  density  of  bulk  Cu  impurities. 

This  observed  concentration  is  attributable  to  a  diffusion 
drive-in  mechanism  caused  by  the  local  temperature  increase 
produced  during  either  ID  saw  cutting  or  early  stages  of  pad 
polishing.  The  phenomenon  is  not  a  new  one  and  has  been 
reported  in  near-surface  regions  of  Si  wafers  in  1971  and 
recently  by  the  authors  in  GaAs  wafers  (1983-1987).  We  have 
shown  within  the  past  year  that  Cu  drive-in  is  also  present 
in  II-VI  substrates  and  can  be  detected  as  discrete  clusters 
or  gettered  sites  along  secondary  remnant  damage. 

If  sufficient  material  is  etched  away  from  the  substrate 
surface,  drive-in  impurities  and  remnant  damage  (Zone  6)  are 
removed.  However,  in  practice,  we  find  that  the 
determination  of  appropriate  removal  depths  has  been 
empirical  and  these  impurities  are  present  routinely  in  near¬ 
surface  regions.  In  most  epitaxial  growth  systems,  the  Cu 
will  either  diffuse  across  the  interfacial  region  or  be 
incorporated  within  the  film  during  melt  etchback  (LPE) . 

Although  considerable  progress  has  been  made  in  the  control 
of  surface  finish  since  the  first  identification  of  problem 
areas  and  approaches  by  the  authors,  sporadic  and  scattered 
regions  of  remnant  secondary  defects  are  still  detected  in 
the  near-surface  (substrate)  region  (Zone  6) .  These  are 
observed  to  propagate  into  the  interface  transitional 
regions,  producing  localized,  highly  defective  regions. 

Except  in  the  scattered  remnant  defect  regions,  distributed 
areas  of  excessive  particulate  (polishing)  inclusions  are  no 
longer  found  in  the  transitional  zone. 

Within  the  near-surface  region,  polish  or  saw-cut  induced 
drive-in  impurities  (Zone  5)  are  typically  noted  (Cu,  Fe) . 

The  depth  and  distribution  of  these  impurities  will  be 
dependent  upon  the  level  of  control  in  the  final  polish  step 
and  the  depth  of  material  removed.  When  any  evidence  of 
sporadic  damage  is  detected  within  the  near-surface  region, 
distributed  impurities  are  always  observed,  in  addition  to 
localized  polish  solution  induced  (Mg,  Al)  concentrations  of 
impurities . 
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Zone  7  includes  the  bulk  substrate  material  and  provides  a 
source  of  impurities  that  has  been  recognized  for  some  time 
in  LPE  layer  growth.  Unfortunately,  the  use  of  alternate 
subscrate  material  such  as  CdZnTe  has  increased  the  problem 
of  impurity  introduction  into  epilayers.  This  is  attributed 
to  the  significant  increase  in  distributed  impurities  in 
CdZnTe  relative  to  CdTe. 

In  MBE/MOCVD  films,  the  distribution  of  defects  and 
impurities  differs  substantially  from  that  observed  in 
conventional  vapor  deposited  films.  In  Fig.  7,  we  show  a 
schematic  of  MBE-HgCdTe/CdTe  (CdZnTe)  and  HgCdTe  (CdTe)/GaAs 
structures  illustrating  results  from  a  compilation  of  data 
obtained  on  available  films. 

The  quality  and  control  of  substrate  surface  finish,  in 
general,  appears  somewhat  better  on  material  from  designated 
suppliers,  relative  to  material  from  LPE  film  sources. 
Although  the  problem  of  sporadic  defect  traces  and  polish 
induced  impurities  is  shown  in  the  schematic,  this  appears 
only  occasionally.  Interfacial  defects  are  also  observed  on 
HgCdTe/CdZnTe  (CdTe)  structures  with  often  spatially  variable 
regions  associated  with  irregular  nucleation  zones.  Poly¬ 
crystalline  zones  now  appear  to  be  related  to  the  retention 
of  residues  and/or  particulates  on  the  surface. 

Growth  of  CdTe  on  GaAs  has  been  well  documented  in  studies 
conducted  by  the  authors  and  investigators  at  Rockwell  and 
North  Carolina  State  University  and  the  development  of  defect 
zones  at  the  interface  has  been  documented  in  innumerable, 
although  repetitive,  studies  conducted  subsequently.  Research 
conducted  at  a  much  later  date  on  MOCVD-HgCdf e/GaAs  also 
essentially  duplicated  the  previous  results,  as  anticipated. 

Hydrocarbon  trace  residues,  impurities  and  particulates  are 
found  on  both  CdZnTe (CdTe)  and  GaAs  substrates  and  are  not 
removed  by  routine  cleaning  or  thermal  desorption  pricr  to 
growth.  such  impurities  and/or  particulates  have  a 
noticeable  effect  on  nucleation  and  defect  generation  at  the 
interface . 

The  presence  of  distributed  impurity  clusters,  often  of 
higher  density  than  a  LPE  films  is  routinely  noted  in  MBE  and 
MOeVD  layers.  These  appear  to  be  in  bound  states  and 
conventional  techniques  such  as  photoluminescence  or  DLTS  are 
totally  ineffective  for  detection.  The  nature  of  bonding  is 
currently  being  investigated,  as  well  as  the  nucleation  or 
core  sites  for  clustering. 
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Schematic  showing  distribution  of  defects/impur 
in  MBE  (MOCVD)  films 


4 . 0 


DIRECT  OBSERVATION  OF  IMPURITY  CLUSTER  SITES 


To  expose  cluster  sites  in  HgCdTe,  we  used  the  selective 
delineation  procedure  defined  by  equations  1-6,  and  discussed 
in  the  previous  section.  Depth  sections  were  obtained  by 
stripping  to  controlled  depths  and  subsequently  delineating. 
Examination  was  then  performed  using  either  SEM  or  optical 
microscopy  (Nomarski  mode) .  To  provide  additional 
information  on  smaller  clusters,  samples  were  prepared  for 
TEM  analysis  by  selecting  zones  exhibiting  a  noticeable 
concentration  of  unexposed  cluster  sites.  The  samples  were 
placed  on  a  grid  to  retain  the  cluster  regions  and 
subsequently  exposed  to  a  3  stage  ion  milling  process  at  LN2 
temperature.  The  precipitates  were  then  preserved  intact  for 
analysis  in  the  STEM.  Alternate  procedures  will  not,  in 
general,  reveal  or  locate  impurity  zones  and  are  deemed 
inappropriate  for  precise  localization  of  spatially 
distributed  clusters. 

4 . 1  LPE  FimS 

To  isolate  regions  within  the  substrate,  near-surface  region 
and  the  interface  transitional  region,  samples  were  first 
isotropically  stripped  with  a  dissolution  etch  to  leave  a 
thin  (<  2  urn)  film  on  the  substrate.  The  sample  was  then 
masked  with  wax  and  etched  again,  exposing  a  "step"  at  the 
substrate/ film  boundary,  as  shown  in  Fig.  8.  After  exposure 
to  the  cluster  delineation  etch,  the  sample  clearly  shows  the 
presence  of  residual  secondary  damage  structure  that  has  been 
retained  in  the  near  surface  region  of  the  substrate.  This 
line  damage  propagates  into  the  interface  transitional  region 
of  the  film  and  associated  impurities  (Al,  Mg)  are  detected 
along  damage  traces  in  the  film.  Also  of  interest  is  the 
presence  of  cluster  sites  in  adjacent  regions  within  discrete 
sites  or  along  dislocation  line  regions  contained  within  the 
transitional  zone. 

In  separate  samples,  we  stripped  epitaxial  layers  to  reveal 
the  near-surface  region  of  the  substrate.  In  Fig.  9  is  shown 
a  representative  micrograph  illustrating  the  concentration  of 
fine,  distributed  line  structure  retained  as  buried  damage  in 
sporadic  or  scattered  regions  of  substrates. 
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Delineation  etching  of  near-surface  regions  of  substrates 
(Fig.  9)  shows  impurity  clusters  associated  with  polishing  or 
saw-cut  induced  drive-in  diffusion-  Impurities  pinned  along 
secondary  line  defects  and  in  discrete  sites  can  be  readily 
detected  in  Fig.  10.  If  sufficient  material  is  removed,  only 
discrete  impurity  clusters  are  observed  and  high 
concentrations  of  Cu  are  typically  monitored  in  buried 
cluster  sites. 

Within  interface  transitional  zones,  we  observe  the  highest 
concentration  of  metallic  clusters.  These  tend  to  be 
gettered  along  dislocation  lines  or  distributed  sites  in  the 
interfacial  region.  Figures  11-14  are  representative 
micrographs  showing  the  presence  of  spatially  distributed 
impurity  clusters  in  this  region.  Within  some  films,  we  have 
noted  scattered  zones  of  higher  impurity  nucleation, 
typically  within  regions  where  excessive  meltback  has 
occurred  or  in  areas  where  higher  concentrations  of  threading 
or  misfit  dislocation  lines  are  detected.  Within  the  same 
film,  we  cannot  resolve  clearly  defined  regions  of  impurity 
clustering  in  some  areas  of  the  transitional  zone,  reflecting 
the  degree  of  spatial  inhomogeneity  that  can  exist. 

Within  the  central  regions  of  LPE-films  (Zone  2) ,  the 
concentration  of  impurity  cluster  sites  is  more  evenly 
distributed  (Figs.  15-17) .  In  some  zones,  however,  large 
concentrations  of  localized  impurities  can  be  detected 
(Figs.  18  and  19)  . 

The  end-point  growth  region  (Zone  1)  has  been  well- 
characterized  in  the  past,  both  by  the  authors  and  other 
independent  laboratories,  and  has  been  shown  to  contain  zones 
of  variable  stoichiometry,  defects,  holes,  irregular  surface 
topography,  and  dislocation  lines.  Delineation  etching  of 
this  region  also  shows  high  concentrations  of  impurities 
(Fig.  20)  as  anticipated.  Normally,  this  zone  is  etched  away 
(2  urn  -  10  urn)  to  eliminate  problems  in  fabrication. 

The  influence  of  annealing  can  be  readily  observed  within  LPE 
films  by  the  increase  in  concentration  of  impurity  clusters. 
Within  the  interface  transitional  region  where  dislocation 
lines  are  available  as  gettering  sites,  we  note  a  marked 
increase  in  the  number  of  clusters.  In  Fig.  21,  we  show 
representative  micrographs  obtained  within  the  transitional 
region  of  samples  annealed  in  a  Hg-ambient  for  48  hours  and 
96  hours.  Counts  of  clusters  across  the  entire  sample  plane 
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Fig.  12.  Impurity  clusters  gettered  on  dislocation  lines  in 
interface  transitional  region  of  LPE  film 
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Fig.  14.  Large  inclusions  and  small  distributed  impurity 
clusters  in  interface  transitional  region 
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Nucleated  clusters  in  central  portion  of  LPE-film 
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Fig.  17.  Distributed  impurity  clusters 
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Large  concentration  of  impurity  cluster  sites  in 
localized  region  within  central  portion  of  LPE-film 
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show  an  85%  increase  in  concentration  after  96  hours  of 
annealing.  In  regions  of  large  concentrations  of  core  or 
nucleation  sites,  long  diffusion  lengths  are  not  required 
since  localization  within  zones  is  already  attained  prior  to 
annealing. 

In  contrast,  films  grown  by  MBE  exhibits  a  high  concentration 
of  clustered  or  bound  impurities  prior  to  any  external 
annealing.  This  can  be  attributed  to  a  process  of  in-situ 
annealing  related  to  the  fact  that  substrates  are  maintained 
at  a  sufficient  temperature  during  growth  to  provide  thermal 
activation  or  movement  of  impurities  into  sites  during 
deposition.  Also,  during  deposition,  sufficient  surface 
mobility  exists  of  impinging  impurity  atoms  to  move 
efficiently  into  localized  regions.^ Although  not  all 
impurities  are  moved  into  core  sites,  and  many  will  remain 
electrically  active,  the  current  procedures  allow  us  to 
analyze  the  type  and  concentration  of  impurities  present, 
independent  of  growth  technique. 

4.2  MBE  rMOCVD)  FILMS 

In  contrast  to  the  highly  structured  or  zonal  character  of 
impurity  distribution  in  LPE  layers,  MBE  and  MOCVD  films  are 
rather  distinctive  in  exhibiting  a  high  density,  somewhat 
uniform,  distribution  of  impurities  throughout  the  entire 
film  thickness.  Although  scattered  or  localized 
concentrations  of  impurities  are  also  found  in  the 
substrate/film  interface  region  and  along  dislocation  lines, 
well-defined  layered  regions  of  high  impurity  concentration 
within  the  interfacial  region  are  not  detected. 

In  MBE  films,  a  high  concentration  of  smaller  distributed 
metallic  cluster  sites  is  observed,  as  shown  in  Fig.  22. 

From  both  SEM  and  TEM  data,  the  results  typically  show 
smaller  and  dispersed  regions  of  impurity  nucleation. 

Although  the  types  of  impurities  are  often  similar  to  those 
found  in  LPE  films,  the  abundance  of  Cr,  Fe,  and  Ti  strongly 
suggests  a  predominant  source  mechanism  for  introduction. 

The  exact  description  of  a  source  mechanism  will  require 
additional  studies  of  films  grown  in  dissimilar  systems  under 
varying  growth  conditions  and  research  in  this  respect  is 
continuing. 
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In  films  grown  by  MOCVD,  we  have  seen  perhaps  the  highest 
concentration  of  distributed  impurities  of  any  of  the  samples 
examined.  Figures  23  and  24  are  representative  micrographs 
showing  an  extremely  high  concentration  of  clusters  of 
varying  sizes  present  at  approximately  the  central  region  of 
the  film.  The  MOCVD  films  differ  from  the  MBE  films  in 
exhibiting  both  a  higher  concentration  of  clusters  and  a 
wider  range  of  impurity  species. 

4.3  MCT  SUBSTRATE  MATERIAL 

Material  grown  by  the  solid  state  recrystallization  technique 
(SSR)  and  the  traveling  heater  method  (THM)  was  provided  for 
comparative  analysis.  Samples  were  etched  to  remove 
approximately  2  mils  of  material  to  avoid  any  overlap  with 
polishing  induced  drive-in  impurities  within  near-surface 
regions.  After  delineation,  samples  were  examined  by  optical 
or  scanning  electron  microscopy. 

Material  grown  by  the  SSR  technique  typically  exhibited 
impurity  clusters  within  subgrain  boundary  regions  and  in  the 
interior  of  grains  (Fig.  25) .  Subgrain  boundary  regions, 
however,  were  generally  the  dominant  gettering  site  for 
impurities. 

Examination  of  THM  samples  provided  by  TI  shows  only  a  small 
number  of  observable  impurity  clusters  in  selected  regions  of 
the  samples.  To  further  examine  volume  distributions  of 
impurities  in  HgCdTe  grown  by  THM  technique,  we  potted  cross- 
sections  in  a  Sn-Bi  alloy,  subjected  the  samples  to  a  non- 
contact  polishing  process  and  then  exposed  the  cross 
sectioned  faces  to  an  impurity  cluster  delineation  etch. 

Only  a  small  number  of  clusters  were  detected  across  the 
cross  sectional  faces.  Examination  of  additional  sections 
yielded  essentially  identical  results. 

Although  only  a  limited  quantity  of  THM  material  has  been 
examined  thus  far,  the  lowest  concentration  of  metallic 
clusters  revealed  by  the  etch  delineation  procedure  was  found 
in  the  THM  material.  During  this  time,  THM  material  from 
Europe  was  also  not  available,  precluding  comparison  of 
material  prepared  in  the  United  States  and  Europe. 

Additional  tests  and  comparative  studies  are  currently 
ongoing  to  additionally  characterize  the  THM  material. 
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CHEMICAL  ANALYSIS  OT  IMPURITY  CLUSTER  REGIONS 


To  provide  an  analysis  of  the  constituents  within  impurity 
cluster  regions,  we  used  digital  SIMS  imaging  along  with  SAD 
and  EDAX  analyses  in  the  STEM.  After  etch  delineation, 
sample  surfaces  were  cleaned  using  scanning  UV  cleaning  in 
the  UV  laser  microscope.  Regions  of  cluster  concentration 
were  then  indexed  on  the  stage  of  the  microscope  using  axes 
parallel  to  the  edges  of  the  sample. 

Index  positions  were  then  used  to  locate  zones  on  the  sample 
using  the  stage  drive  contained  on  the  SIMS  unit.  An  optical 
telescope  was  also  used  to  visually  locate  zones  contained  on 
sample  surfaces  within  the  SIMS  sample  chamber.  In  all 
cases,  only  regions  containing  slightly  elevated  (closed) 
features  (strain  field  region)  with  the  cluster  buried 
beneath  the  surface  were  examined.  This  procedure  allows 
localization  and  analysis  of  impurity  clusters  to  be  made. 

The  digital  SIMS  reconstruction  in  Fig.  26  shows  the 
localization  of  Ti  impurity  clusters  along  dislocation  lines 
in  an  LPE  layer.  In  this  case,  propagation  of  a  grain 
boundary  from  the  substrate  into  the  epilayer  is  noted  and 
impurity  pinning  occurs  along  defects  associated  with  the 
boundary. 

In  Figs.  27-30,  we  observe  gettering  of  Ti,  Si,  Fe,  and  C 
along  dislocation  lines  in  LPE  layer  material.  Within  the 
interface  transitional  region,  impurities  are  also  noted 
along  dislocation  lines  (Fig.  31)  and  in  discrete  sites 
within  the  interior  of  the  film.  The  secondary  ion 
micrographs  shown  in  Figs.  32-45  also  show  the  presence  of 
Fe,  Mn,  Mg,  Si,  Cr,  and  Ti  impurities  in  specified  regions  of 
LPE  films  obtained  throughout  the  industry.  Other 
micrographs  also  show  varying  amounts  of  0,  C,  and  Cu. 
Analyses  using  EDAX  within  the  STEM  also  shows  the  presence 
of  Cu,  Fe,  and  Ni  in  identifiable  cluster  or  precipitate 
sites.  Selected  area  diffraction  (SAD) ,  however,  was  not 
possible  because  of  the  thickness  of  the  precipitate  clusters 
and  bonding  states  remain  unidentified. 

To  identify  clusters  or  precipitates  associated  with  remnant 
damage  inherited  from  the  substrate  and  propagating  into  the 
epitaxial  layer  (Fig.  6),  v/e  used  the  masked  and  stripped 
sample  (Fig.  8)  discussed  earlier.  Digital  SIMS  imaging 
(Fig.  46)  shows  concentrations  of  Mg  and  A1  within  the 
substrate  and  interface  transitional  zone  of  the  epilayer. 
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Secondary  Ion  Micrographs  Showing 
Gettering  of  Ti  Impurity  Clusters  on 
Dislocation  Lines  in  LPE-HgCdTe  Film; 
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Secondary  Ion  Micrograph  Plots  Showing 
Gettering  of  Impurites  on  Dislocation  Lines 


Fig.  28.  Secondary  ion  micrographs  showing  gettering  of 

impurities  on  dislocation  lines  in  LPE-HgCdTe  films 
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Secondary  Ion  Micrographs  Showing 
Gettering  of  Impurities  on  Dislocations 
in  Interface  Transitional  Region  - 
LPE-HoCdTe/CdTe 
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Secondary  ion  micrographs  showing  gettering  of 

impurities  on  dislocations  in  interface  transi-  0l2S 

tional  region  -  LPE-HgCdTe/CdTe 
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Fig.  34.  Digital  SIMS  iaaging  showing  presence  of  Si,  Cr, 

Ti,  and  Fe  inpurity  clusters  in  different  areas  of 
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Digital  SIMS  imaging  obtained  on  LPE-HgCdTe/CdZnTe 
structure  presence  of  Si  and  Ti  and  negligible  Zn 
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Fig.  40.  Digital  SIMS  imaging  showing  presence  of  Mg  and  Cr 
in  area  of  LPE-film 


lE 


r-coHWP-wHinr-wHirtr-coHO 

r*nHOOC9inNH 
N  00  ^  N  H 
CO  H 


M  (J 
CO  Ul  VI 

rv]  0) 

U<r>  yi 
oc(z4^  tn 
PSK  o 


'■■■:^‘  I'ii-  ■ 


#;  r 


If' 


r*coHinr-coHinr*coHif)i>coHO 

v^OOa'C'^MHIrtCO»i)COH 

r>coH(S(S(Sino]H 

CV)  V£  00  ^  N  H 

CO  H 


1  CM 

C?  Cl 

CO  Ul  V) 

CM  Cl  X 
/'CO'P43 

M  (^  31 

r^coHinc'-coHinr-coHinr-coH® 

^fiCOO^O^M*CMHlnCM^DCOH 

r-COHOSOWCMH 

CM  O  00  M*  CM  H 

CO  H 

■  ■ 

KK  0 

/n(M*4 

■  ■ 

.  .  ■  /  :  \RrtE\ 

*  BRF9156C 

*  2  Bytes 

Sawe  Hrea  For  Both  Inayes  Loy  Base  2 


2  BytesM 
Loy  Base  2 


Fig.  42.  Digital  SIMS  imaging  of  Si  and  Fe  impurity  clusters 
in  LFE-film 
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These  zones  are  associated  with  polishing  induced 
particulates  and  inpurities  retained  along  remnant  damage 
structure  in  the  near-surface  region.  Of  interest  in  the 
regions  adjacent  to  lineated  (decorated)  remnant  damage 
traces  in  the  epilayer  is  the  presence  of  Fe  and  Si  clusters 
in  discrete  sites. 

In  MBE  and  MOCVD  films,  •.-.•e  observe  a  higher  density  of 
impurity  clusters  and  a  v;ider  range  of  impurity  species  for 
the  latter.  In  Fig.  47,  we  show  a  representative  ion 
micrograph  obtained  at  approximately  the  middle  of  an  MBE 
film.  Impurity  clusters  containing  Mg,  Cr,  Fe,  Si,  Mi,  and 
Mn  are  noted  and  obtained  reproducibly  from  a  number  of 
filmis.  Since  these  are  all  apparently  in  bound  sites  and 
hence,  generally  in  non-radiative  states,  it  is  not 
surprising  that  conventional  -cechniques  have  not  been 
successful  in  detecting  these  impurities.  It  is  also  not 
surprising  that  double-crystal  X-ray  rocking  curves  have  not 
detected  the  presence  of  impurity  clusters.  The  spatial 
distribution  and  small  size  of  the  majority  of  these  sites 
would  effectively  preclude  any  resolution  of  distributed 
sites . 

Representative  digital  SIMS  images  obtained  from  MOCVD  films 
are  shown  in  Figs.  48  and  49.  Clusters  composed  of  Fe,  Ti, 
Ni,  Mg,  Cu,  Si,  0,  C,  Zn,  and  A1  are  routinely  observed  in 
all  of  the  MOCVD  films  examined.  Relative  to  other 
technologies  for  HgCdTe  deposition,  the  MOCVD  technigue 
produces  films  with  the  highest  concentration  of  impurity 
clusters,  as  anticipated.  Purity  of  precursor  gases  is 
expected  to  be  the  dominant  source,  although  other  sources 
also  play  a  role  in  controlling  the  purity  of  MOCVD  films. 

In  the  limited  areas  v/here  visible  evidence  of  impurity 
clusters  (Fig.  50)  could  be  detected  in  THM-HgCdTe  material, 
we  found  Fe,  Mg,  0,  and  C.  However,  the  total  concentration 
and  spatial  distribution  of  impurity  sites  was  dramatically 
reduced  in  comparison  to  other  growth  techniques.  It  is 
conceivable  that  small  sites  of  bonded  impurities  may  be 
present  along  dislocation  lines  in  THM  material  and  the 
detection  capabilities  of  the  current  techniques  do  not 
permit  adequate  resolution.  To  address  this  issue,  TEM 
studies  are  currently  being  conducted  to  identify  any 
gettering  or  isolation  '.■.•ithin  core  sites  along  dislocation 
line  traces. 
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Fig.  48.  Digital  SIMS  imaging  obtained  on  MOCVD-film  showing 

presence  of  Mg,  Fe,  Cr,  and  Ti  impurity  clusters  0134 
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Digital  SIMS  imaging  obtained  on  MOCVD-film  showing 
presence  of  Zn,  Si,  and  A1  impurity  clusters 


24Hg 


TIIM  45-17 

Sa.ne  Fox*  Botli  Ihiacfes 


\RAE\ 
BRF9324E 
2  Bytes 
Loy  Base  2 


< - 100  Micx*on - > 

.  S6Fe  or  28Si2 


32767 

163tt3 

8191 

4095 

2047 

1023 

511 

255 

127 

63 

31 

15 

7 

3 

1 

0 


\RAE\ 
BRF9356E 
2  BytesM 
Loy  Base  2 


Fig.  50.  Digital  SIMS  imaging  showing  presence  of  Mg  and  Fe 
impurity  clusters  in  THH-HgCdTe  material 
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6 . 0 


IMPURITY  CLUSTER  CORE  SITES 


Nucleation  of  impurities  along  dislocation  lines  or  in 
discrete  sites  is  known  to  be  controlled  by  the  presence  of 
core  or  kernel  sites  in  both  elemental  and  binary  semicon¬ 
ductors,  Such  nucleation  sites  are  in  the  form  of  inert 
impurities,  Frenkel  defect  assemblages,  or  semi-crystalline 
or  amorphous  second  phase  sites  that  may  be  metastable  in  the 
lattice.  For  Si,  these  sites  are  typically  C  surrounded  by 
SiOx  precipitates.  In  GaAs,  the  sites  are  C  surrounded  by 
Ga^^Oy.  In  AlGaAs  preliminary  data  suggests  a  C  nucleation 
site  v;ith  bonding  to  other  metallics.  In  other  ternary 
compounds,  impurity  nucleation  near  dislocation  lines  is 
enhanced  in  the  presence  of  point  defects  or  dislocation 
loops . 

For  HgCdTe ,  the  question  of  available  nucleation  sites  for 
impurities  has  been  an  area  of  speculation  and  animated 
gesticulation  for  some  period  of  time.  The  existence  of  Te 
precipitates  in  HgCdTe  has  been  shown  by  the  authors  in 
earlier  studies  and  subsequently  demonstrated  by  other 
investigators  at  a  later  date.  In  addition,  theoretical 
studies  by  TI  has  been  shown  that  retrograde  solubility  must 
be  carefully  considered  and  that  Te  precipitates  can  exist  in 
material  grown  on  either  the  Te  or  Hg  corner,  confirming 
experimental  data  reported  in  1981-1982.  In  other  studies, 
it  has  been  inferred  that  oxygen  additions  to  HgCdTe  may 
control  doping  but  reproducible  data  has  not  been  reported 
within  the  industry.  Alternatively,  it  was  suggested  that 
oxygen  may  nucleate,  particularly  in  heavily  defected  zones, 
resulting  in  potential  kernel  or  core  sites  for  impurity 
bonding  or  segregation. 

To  investigate  core  sites  in  more  detail,  we  probed  impurity 
cluster  sites  for  excess  Te  within  the  local  region.  In 
Fig.  51  v/ithin  the  central  region  of  the  field,  v/e  show  a 
high  concentration  of  Si  and  Ti.  Also,  clearly  shown  in  this 
zone  is  the  presence  of  excess  Te,  essentially  identifying 
the  core  site.  V/ithin  this  same  field,  v/e  also  detect  other 
core  sites  of  Te  within  impurity  zones,  although  less  well- 
defined  than  the  center  site.  Examination  of  other  samples 
also  shov/s  small  Te  core  regions  that  duplicate  this  result. 
The  nature  of  bonding  is  at  present  unidentified,  but  -.vill  be 
explored  in  m.ore  detail  in  ongoing  studies. 
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Fig.  51.  Clustering  in  48-hour  270°C  annealed  HgCdTe  showing 
high  concentration  of  Si  and  presence  of  Te  core  in 
central  precipitate 


The  presence  of  O  and  C  is  often  detected  in  LPE  films, 
although  more  dominantly  in  MOCVD  layers.  Insufficient  data 
exists  at  this  time  to  definitively  isolate  0  or  C  as  a  core 
site  in  LPE  structures.  However,  due  to  the  high 
concentration  of  both  O  and  C  introduced  in  the  precursors 
for  MOCVD  layer  growth,  nucleation  areas  are  more  prevalent 
and  can  be  investigated  in  greater  detail.  In  Fig.  52,  v/e 
show  that  oxygen  and  carbon  are  found  as  associates  and  that 
impurities  are  also  nucleated  on  these  sites.  The  nature  of 
bonding  or  reaction  is  unknown,  but  the  observation  of 
impurity  associates  on  0/C  sites  is  routinely  observed. 

7 . 0  NON-EQUILIBRIUM  THERMODYNAMIC  CONSIDERATIONS  OF 
IMPURITY  DIFFUSION  DURING  GROWTH^ 

The  observation  of  localized  segregation  of  impurities  in 
strained  or  defect  regions  of  HgCdTe  must  be  considered  in 
terms  of  a  non-equilibriuru  process  during  growth. 

Segregation  or  localization  of  impurities  will  be  controlled 
by  spatial  fluctuations  in  the  growth  process  as  well  as 
other  external  perturbations  in  the  impurity  -  HgCdTe  matrix 
system.  Structural  and  dynamic  effects  are  closely  related, 
i.e.,  equilibrium  is  maintained  by  rapid  molecular  motion  and 
interaction.  Even  though  macroscopic  parameters  are  time- 
independent  in  equilibrium,  the  values  are  maintained  by 
time-dependent  processes.  These  include:  thermal  gradients, 
dislocation  line  generation  and  climb,  strain  gradients, 
enhanced  local  diffusion  and  changes  in  potential  introduced 
by  inert  sites,  among  others. 

To  obtain  a  stoichastic  description  of  impurity  diffusion  and 
segregation,  one  must  introduce  an  ensemble.  To  describe  the 
dynamic  process,  an  ensemble  can  be  constructed  such  that 
eac..  system  contains  one  impurity  in  the  melt.  The  position 
of  the  impurity  at  time,  t  =  0,  is  called  Xq  and  the  temper¬ 
ature  is  held  fixed.  Thus,  each  system  is  macroscopically 
identical  but  microscopically  different. 

After  a  lapse  of  time,  the  impurities  move  to  new  positions 
and  there  is  a  change  in  microscopic  parameters.  If  one  novj 
allows  the  ensemble  to  contain  a  large  number  of  members,  it 
is  possible  to  construct  a  "conditional  probability"  function 
given  by: 


P2(XolXt)dX 


(V) 
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Fig.  52.  Digital  SIMS  images  obtained  on  MOCVD-film  showing 
presence  of  Si  and  C  and  O  as  potential  core  sites 


where 


In  terms  of  the  ensemble 


probability  of  finding  impuri¬ 
ties  in  a  randomly  chosen 
member  of  the  ensemble  in  the 
position  range  X  to  X  +  dX 
at  time  t,  if  the  impurities 
are  at  Xo  /  at  t  =  0 . 


f|{xjx^)dx  =  nx(x,x+dx)/N  (s; 


v/here 


N  =  number  of  members  in  the 
ensemble 


number  of  members  in  the 
ensemble  within  the  range, 

X  to  X+  dX  at  time,  t. 

For  t  >>  0,  this  ensemble  becomes  an  equilibrium  ensemble,  so 
that : 

lim  n^-(x,x  +  dx)  =  neclx,x  +  dx)  o) 

t-»  00 

In  this  case,  all  knowledge  of  the  dynamical  processes  are 
lost  and  motion  of  impurities  during  the  growth  process  under 
fixed  or  time-dependent  fields  and  segregation  of  impurities 
in  the  crystal  are  not  adequately  described  by  equilibrium  or 
steady  state  equations. 


n.(x  +  dx)  = 


Impurity  diffusion  can  be  described  by  Pick's  first  law: 


j  =  -  DVn  (10) 


v/here 


j 


the  flux  of  impurities 
the  density  of  atoms, 
diffusion  coefficient, 
the  gradient  operator. 


,  n  is 
D ,  the 
and  ^ 
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In  the  presence  of  an  external  field,  F(X)  ,  a  spherical 
impurity  attains  a  constant  velocity,  V~'  defined  by  Stokes 
Law :  ~ 


v/here  f  =  enriR  ?  =  the  friction  coefficient,  R, 

^  the  "radius”  of  the  impurity 

and  77  is  the  viscosity  term. 

The  flux  of  impurities  associated  with  this  velocity  is: 

\  ^  \  ^  I  L-r  /  T  n 


j  =  nv  =  n^"'F 


At  equilibrium,  there  is  no  net  flux  and 


j'  =  0  =  -  DVn  +  nr  F 


such  that: 


F  = 


Vn(x) 


which  expresses  the  dynamical  condition  of  equilibrium. 

The  structural  part  of  the  equilibrium  is  defined  by  the 
chemical  potential  of  the  impurity.  Since  the  impurities  are 
independent,  the  potential  is  given  by: 

/i,  =  +  0(x)  +  kTlnn(x)  ns) 

where  0(x)  =  the  potential  energy  in  the 

^  presence  of  an  external  field 
and  depenas  only  on 

temperature . 

at;  equilibrium,  5jL£|=0  ,  such  that: 

-V0(x)  =  F  =  ^Vn(x) 

and 

t  ~  / 

=  q  ( Einstein-Stokes  relationship) . 


_D_ 

kT 
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This  relationship  defines  the  condition  for  equilibrium  by 
relating  a  response  coefficient  to  a  transport  coefficient. 

In  the  growth  of  HgCdTe,  solid  state  equilibrium  equations 
are  invalid  for  describing  diffusion  and  segregation  of 
impurities,  A  general  description  can  be  derived  by 
considering  the  non-equilibrium  probability  distribution. 
The  density  of  impurities  at  X  and  time,  t,  is  given  by: 

n(Xoix+)  =  NP2(XoIx+) 

An  equation  for  the  change  in  density  can  be  obtained  by 
assuming  that  the  density  at  time,  t  +  7“  is  determined  in 
analogous  way  to  the  density  at  time,  t: 

n(x„lxt,r)  =  Jn(xjyt)  P2(ylx^)dy 

during  growth  and  solidification: 

P2(ylX4.)  =  (19) 


where 


A 


ly-xl 


Similarly,  the  density  will  depend  on  the  radial  distance 
from  Xq  /  such  that: 


n(xjx^^^)  =  n(r,t  +  r) 


(2o; 


v.’here 


r  =  Ix-x 


SJ 


Therefore,  the  time  evolution  for  the  density  as  a  function 
or  r  becomes: 


n(r,t  +  r)  = 

For  short  time  intervals: 


6n 


n(r,t+r)  =  n(r,t)  *  ^ 


(22) 


an 
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The  density  in  the  integrand  is  expanded  around  r  on  the 
assumption  that  in  a  short  interval,  7"  ,  T  )  is 

appreciable  only  for^ — »0  •  Thus,  ' 


n(lA-  rl,t) 


I  5^ 

n(r,t)  +  Vn-A  +  ^a-  -^^a  + 


r 


5n 


/ 


5^n 


5r 


2“ 


=  i-  A  ^.A<h{A,r)6A 

St  ^  J  8r^  ^ 

where :  /0(a  ,r)dA  =  /  for  normalization 

rA0(A,r)dA  =  0 

J  ^ 


and 


for  "smoothing" 


:23) 

(24) 


In  similar  fashion: 


and 


Aj  Aj  <^(A^r)dA  =  0  for  i^j  (2 

jA^0(A,T)dA  =  J  rA^0(A,T)dA  (2 


6) 


for  an  isotropic  case. 


From  the  earlier  equations, 

iSn 

5t 


we  can  derive: 

=  KV^n 


where  the 
given  by: 


non-equilibrium  diffusion  coefficient, 

K  =  lim  (  [ A^(p(^J)6Al6r  ) 

T-^O  ^ 


(27) 


is 


(28) 


The  previous  equation  assumes  the  form  of  Pick's  second  law 
for  solid  state  diffusion: 

5  n 
5t 

However,  for  this  case,  equation  29  is  valid  only  if  D  is 
independent  of  spatial  coordinates  and,  in  general, 
independent  of  n. 


DV^n 


(29) 
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The  general  derivations  presented  serve  to  illustrate  the 
point  that  impurities  are  distributed  in  regions  during 
growth  under  non-equilibrium  conditions  and  may  indeed 
localize  at  that  time.  Subsequent  annealing  will  move 
impurities  into  nucleation  sites  or  near  dislocations.  Long 
diffusion  distances  are  generally  not  required,  since 
impurities  are  already  localized  in  distributed  zones  in 
strained  regions  of  the  crystal  during  growth. 

This  is  consistent  with  the  random  experimental  observations 
of  others  on  local  distributions  of  impurities  in  HgCdTe  and 
the  observed  clustering  of  metallics  reported  here  for  all 
available  HgCdTe  m.aterial.  These  high  concentration 
spatially  localized  regions  of  segregated  impurities  are  not 
explainable  on  the  basis  of  equilibrium,  spatially  invariant 
segregation  coefficients,  but  rather  on  diffusion  and 
segregation  under  non-equilibrium  conditions. 

8 . 0  CHARGE  STATES  AT  THE  CdTe  (HgCdTe)  SURFACE  IN  THE 
PRESENCE  OF  RESIDUAL  SUBSURFACE  DAMAGE  AND  BURIED 
IMPURITY  CLUSTERS 

Although  a  considerable  amount  of  effort  has  been  expended  in 
improving  the  surface  finish  of  CdTe  (CdZnTe)  and  HgCdTe 
surfaces,  residual  damage  remains  in  sporadic  regions  of  many 
available  substrates.  Such  damage  not  only  influences  the 
quality  of  epitaxial  layers  grown  on  substrates  but  has  an 
effect  on  surface  impurity  adsorption  and  particulate 
adhesion. 

Buried  damage  in  t.he  near-surface  region  of  an  insulator  or 
semi-insulator  in  the  form  of  spherical  or  cylindrical  voids 
or  inclusions  will  develop  an  internal  charge  at  the  outer 
surface  area  of  the  defect.  For  charge  compensation,  a  space 
charge  region  of  radius,  r,  will  then  be  formed  surrounding 
the  defect.  The  size  of  the  space  charge  zone  will  be 
dependent  on  the  dielectric  constant  and  strain  field 
surrounding  the  defect.  For  subsurface  damage  typically 
observed  in  materials,  the  space  charge  region  will  overlap 
the  physical  surface,  producing  an  "image  charge"  defining 
the  geometric  projection  of  the  defect  onto  the  surface. 

To  reveal  the  presence  of  such  spatially  defined  charge,  it 
is  necessary  to  use  a  decorating  charged  particle  that  will 
adhere  to  the  regions  of  excess  charge  via  an  electrostatic 
interaction.  Since  the  charge  per  unit  surface  area  on  the 
particle  is  critical,  as  -well  as  the  size  of  the  decorating 
particle,  it  is  essential  to  select  both  the  suspension 
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medium  and  the  particle  size  distribution.  To  achieve  this, 
we  used  a  carbon  particle  distribution  (Rayleigh)  with  an 
average  size  of  1400  Angstroms,  suspended  in  a  medium  to 
induce  charge  on  the  carbon  particle  surfaces.  The  finer 
particles  are  then  attracted  and  tightly  bound  to  the  surface 
charge  sites.  Excess  particles  are  swept  away  w'ith  a 
deionized  water  rinse  and  the  "decorated"  surface  examined  in 
the  optical  microscope  (Momarski  mode)  or  SEM. 

In  Figs.  53  and  54  are  shown  sapphire  and  LiNbO^  surfaces 
after  decoration.  The  presence  of  lineated  buried  damage  and 
spherical  defects  are  clearly  revealed.  Of  interest  is  the 
fact  that  depth  gradients  of  damage  or  traces  of  multiple 
polishing  steps  can  be  revealed,  depending  solely  on  the 
physical  dimensions  of  the  defect  and  depth  below  the 
surface.  The  location,  distribution  and  nature  of  such 
structure  in  AI2O3  and  LiNb03  has  been  analyzed  in  great 
detail  using  correlated  data  from  RBS,  ellipsometry  and  TEM 
obtained  by  the  authors  on  earlier  DoD  programs. 

For  GaAs,  Si,  CdTe,  and  HgCdTe,  similar  procedures  can  be 
used  to  localize  or  delineate  charge  sites  on  surfaces.  In 
Fig.  55  is  shown  a  decorated  GaAs  surface  showing  the 
presence  of  both  subsurface  damage  and  buried  clusters.  This 
type  of  lineation  is  seen  on  all  GaAs  wafers  and  has  been 
correlated  with  an  extensive  amount  of  destructive  and 
nondestructive  analytical  data  over  the  past  four  years. 

Figure  56  shows  a  commercially  available  (as  received)  CdTe 
wafer  decorated  to  reveal  the  presence  of  subsurface  damage 
and  buried  impurity  clusters.  This  type  of  lineation  is  seen 
to  varying  degree  on  many  CdTe  substrates.  Improved  surface 
finish  shows  only  sporadic  "pockets"  of  buried  damage  and 
distributed  charged  site  lineation  caused  by  the  presence  of 
bulk  impurity  clusters  near  the  surface  region. 

The  critical  point  to  be  made  is  that  surface  charge  is 
inevitably  present  on  II-VI  material  surfaces  attributable 
either  to  residual  damage  or  buried  impurity  clusters.  On 
"razor-blade"  cleaved  HgCdTe  surfaces,  we  also  observe 
similar  lineated  structure  caused  by  def ormational  spikes 
introduced  possibly  by  an  acoustic  wave  or  irregular  travel 
of  the  blade. 
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The  presence  of  the  defect  induced  surface  charge  has  also 
been  shown  to  produce  local  alterations  in  oxidation, 
increases  in  particulate/ impurity  attraction  and  may  explain 
some  of  the  anomalies  reported  for  MIS  structures.  However, 
the  MIS  structures  are  additionally  complicated  by  the 
presence  of  impurity  spiking  at  the  interface  introduced 
during  anodization  or  plasma  deposition- 

9.0  SOURCES  OF  IMPURITIES 

The  attempt  to  isolate  every  potential  source  of  impurities 
in  growth  and  processing  within  a  number  of  laboratories 
utilizing  a  variety  of  technologies  and  procedures  is,  at 
best,  a  difficult  task.  However,  based  on  the  data  obtained, 
we  can  at  least  identify  some  of  the  areas  of  commonality  and 
propose  potential  sources  that  appear  to  be  the  most  likely 
candidates.  Since  each  of  the  samples  examined  exhibits  its 
own  level  of  individuality,  sources  proposed  may  or  may  not 
be  applicable  equally  in  all  cases. 

Sources  of  impurities  include  the  following: 

o  Surfaces 

a)  Retained  particulates 

b)  Impurity  or  cleaning  residues 

o  Near  surface  regions 

a)  Drive-in  diffusion  (polishing,  sawing,  lapping,  etc.) 

b)  Gettered  or  retained  impurities  or  particulates  on 
remnant  damage 

o  Starting  material  purity 

o  Stainless  steel  parts 

a)  Interaction  of  Hg  and/or  Te  with  metal  parts 
o  Hydrogen  flow  lines 

o  System  induced  or  contributed  impurities 
o  Feed  pot  contamination 
o  Multiple  stirs  of  melt 
o  Precursor  gas  (MOCVD)  purity 
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o  Stainless  steel  oven  or  containment  vessels  (MBE) 

o  Possible  mini -oven  aperture  erosion  (MBE) 

Although  a  number  of  these  sources  have  already  been 
identified,  the  problem  of  stainless  steel  metal  part 
reactivity  has  emerged  in  this  study  as  an  important  factor 
in  impurity  introduction  in  Hg-based  alloy  growth. 

Currently,  a  number  of  suppliers  and  independent  laboratories 
are  attempting  to  address  this  problem  by  including  inert,  or 
reasonably  inert,  coatings  on  stainless  steel  parts.  Several 
labs,  both  within  the  United  States  and  Europe,  have 
eliminated  stainless  parts  in  mini-ovens. 

The  problem  of  surface  and  near-surface  control  has  been  an 
area  that  has  been  addressed  in  great  detail  both  by  the 
authors  and  subsequently  by  other  investigators.  Although 
improvements  have  been  made  by  the  industry,  the  problems 
still  persist.  A  great  deal  of  money  and  time  has  been 
expended  on  DoD  funded  programs  to  improve  or  develop  new 
procedures  for  cleaning  surfaces  to  remove  microparticulates 
and  impurities,  but  evaluation  of  samples  by  independent 
laboratories  shows  only  minimal  improvement. 

It  is  recognized  that  surfaces  are  not  the  sole  source  of 
impurities  in  growth  technology,  but  nonetheless,  control  is 
needed  both  for  epilayer  growth  and  interface  cleanliness 
prior  to  passivation  of  HgCdTe  surfaces. 

In  the  sections  to  follow,  we  present  a  brief  overview  of 
surface  impurity  retention  and  a  description  of  new 
technology  approaches  that  have  been  successful  for  cleaning 
of  binary  and  ternary  compound  semiconductor  surfaces. 

10.0  IMPURITY  INCORPORATION  Ml  SURFACES 

The  topic  of  impurity  incorporation  at  surfaces  or  near¬ 
surface  regions  of  CdTe,  CdZnTe,  and  HgCdTe  is  an  old  one  and 
one  that  has  been  addressed  extensively  by  the  authors  in  DoD 
reports  and  meetings  over  the  past  six  years.  The  sources 
identified  include:  (1)  particle  incorporation  during 
polishing;  (2)  drive-in  distributions  during  surface  finish; 
(3)  contributions  from  etch/cleaning  solutions  and  subsequent 
adsorption  to  surfaces;  (4)  adherence  of  impurities  to 
hydrocarbon  residues  in  bonding  orbitals  or  at  charge  sites 
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associated  with  buried  subsurface  damage  or  impurity 
clusters;  (5)  adherence  of  secondary  or  environmentally 
introduced  microparticulates  to  charge  sites  at  surfaces;  and 
(6)  bulk  substrate  impurities  in  near-surface  regions  exposed 
at  the  surface  by  etching  or  "meltback." 

The  problem  of  polishing  particle  inclusion  during  surface 
finish  has  been  largely  eliminated  with  incorporation  of 
longer  etching  times  and  final  non-contact  surface  finishing 
of  substrates.  The  older  practice  of  "contact  polishing"  of 
epitaxial  layer  surfaces  is  also  no  longer  considered  an 
acceptable  procedure  for  the  industry.  In  current 
substrates,  however,  we  do  still  find  lower  density 
scattered  remnant  damage  (scratches)  remaining  as  secondary 
damage  with  associated  impurities  along  lineated  traces. 

The  introduction  of  metallic  impurities  and  increased 
hydrocarbon  residues  subsequent  to  chemical  etching  or 
cleaning  was  first  reported  in  distributed  DoD  reports  in 
1983.  Since  this  time,  a  number  of  labs  (both  government  and 
commercial)  have  reproduced  this  data,  albeit  lethargically, 
and  attempted  to  improve  surface  cleaning  procedures. 

Although  some  improvement  has  been  noted,  the  problem  remains 
for  both  CdTe  (CdZnTe)  and  HgCdTe  surfaces.  Impurity  spiking 
is  noted  in  discontinuous  zones  at  passivation  layer/HgCdTe 
and  epilayer/ substrate  interfaces.  In  LPE  layer  growth,  the 
common  tendency  has  been  to  increase  the  meltback  time,  but 
this  simply  results  in  uneven  interfaces  and  increased 
incorporation  of  impurities  within  interfacial  transitional 
regions.  In  MBE  layer  growth,  increasing  the  substrate 
annealing  duration  prior  to  growth  does  produce  some 
desorption  of  hydrocarbons  and  impurities,  but  in  general, 
bound  hydrocarbon  chains  and  impurities  are  still  retained  on 
surfaces.  An  in-situ  cleaning  procedure  remains  as  the  most 
advantageous  or  desirable  technique. 

11.0  BINDING  OF  IMPURITIES  TO  COMPOUND  SEMICONDUCTOR 
SURFACES 


A  molecule  at  a  free  surface  is  subjected  to  an  attractive 
potential  that  determines  the  nature  of  interaction.  The 
strength  of  the  interaction  is  given  by  which 

defines  the  binding  energy  per  molecule.  The  adsorbed 
molecules  then  generally  form  ordered  structures  that  are 
dependent  on  the  symmetry  of  the  substrates  and  chemistry, 
size,  concentration  of  the  adsorbed  molecules,  as  well  as  the 
microscopic  inhomogeneities  of  the  substrate  surface. 
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For  the  non-ideal  surface  or  near  surface  regions  of  III-V  or 
II-VI  semiconductors,  the  presence  of  dislocation  lines  as 
v/ell  as  buried  impurity  clusters  ("drive-in"  or  bulk) 
contributes  to  the  inhomogeneity  of  the  surface.  The 
presence  of  remnant  or  buried  residual  damage  structure  in  a 
highly  resistive  material  contributes  spatially  defined  line 
charge  sites  via  an  overlap  of  space  charge  regions  at  the 
surface.  The  space  charge  regions  generated  around  the 
defect  have  been  shown  by  the  authors  to  influence  oxidation 
rates,  particulate  adhesion  and  impurity  attraction  to 
surfaces  of  compound  semiconductors.  Native  oxide  layers  or 
absorbates  also  contribute  to  the  complexity  of  the  surface 
behavior.  For  simplicity,  we  show  in  Fig.  57  a  cross  section 
of  a  compound  semiconductor  surface  with  an  adsorbed  organic 
molecules.  The  hydrocarbon  molecule  can  bind  on  the  surface 
either  by:  (a)  hydrogen  bonding  as  a  result  of  the  residual 

dipole-moment  of  the  molecule;  or  (b)  by  physiadsorpt ion 
resulting  from  the  attraction  between  charges  associated  v/ith 
the  molecule  and  surface  atoms. 

The  attraction  of  impurities  and  organics  to  CdTe  or  HgCdTe 
surfaces  can  be  more  quantitatively  understood  from  molecular 
orbital  theory.  In  samples  of  (111)  orientation,  the  Te 
atoms  on  the  Te-rich  surface  retain  their  sp^  tetrahedral 
configuration  and  can  be  considered  analogous  to  the  nitrogen 
atom  in  an  ammonia  molecule  with  an  unshared  pair  of 
electrons  as  shown  below: 


^  UNSHARED  ELECTRONS 

H’.NiH 

f  • 

H 

AMMONIA  MOLECULE 
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Hydrogen  bonding 


Physi  adsorption 


7  . 


Simplified  schematic  showing  bonding  of  organic 
molecule  onto  compound  semiconductor  surface 


Conversely,  the  Te-deficient  surface  cannot  naintain  the  sp-^ 
configuration  since  one  of  the  s-p  hybridization  orbitals  is 
now  unfilled.  A  planar  bond  configuration  cannot  be  acquired 
because  the  atoms  below  presumably  exhibit  tetrahedral  bond 
symmetry.  This  results  in  a  surface  with  somewhat  distorted 
tetrahedral  bond  symmetry. 

In  contrast,  for  (100)  orientation,  only  one  type  of  surface 
exists,  since  all  atoms  are  either  one  type  or  the  other. 
However,  the  electronic  configuration  of  the  (100)  surface  is 
expected  to  be  relatively  unstable  because  the  unshared 
electrons  (dangling  bonds)  of  surface  atoms  tend  to  interact, 
producing  inhomogeneities  in  charge  configuration. 

The  electronic  configuration  of  Cd,  Te,  and  Hg  atoms  is  shown 
schematically  in  Fig.  58.  The  bonding  between  hydrocarbon 
molecules  to  surface  atoms  is  generally  attributed  to  inter¬ 
action  between  7T  electrons  of  the  molecules  and  hybrid 
orbitals  of  the  surface  atoms. 

The  current  view  of  bonding  from  molecular  orbital  theory  is 
shown  schematically  in  Fig.  59.  The  binding  between  the 
surface  atom  and  7T- orbital  consists  of  two  parts:  (a) 
overlap  of  the  TT  ”•  electron  density  with  a  (J— type  acceptor 
orbital  on  the  surface  atom;  and  (b)  a  "back-bond"  resulting 
from  flow  of  electrons  from  filled  sp^  hybrid  orbitals  of 
surface  atoms  into  antibonding  orbitals  of  carbon  atoms  in 
hydrocarbon  molecules. 

The  binding  of  molecules  to  semiconductor  surfaces  can  there¬ 
fore  be  attributed  to  the  interaction  of  hybrid  orbitals  of 
surface  atoms  v;ith  the  7T  -  bonding  orbitals  of  the  molecules 
at  the  one  extreme  and  to  dipole-dipole  interaction  in  the 
other.  The  binding  will  then  depend  on  the  type  of 
interaction  incurred  between  surface  atoms  and  adsorbed 
molecules . 

Organic  molecules  contain  certain  types  of  functional  groups 
that  exhibit  strong  affinities  for  Class  II-VI  or  III-V 
semiconductor  surfaces.  Functional  groups  such  as  carbonyl, 

=  0  ,  unsatur^ed  carbon  double  bonds,  >C  =  CC  ,  and 
arom.atic  rings,  ,  show  relatively  strong  interaction 

due  -o  electrons  overlapping  bonding  orbitals.  Conversely, 
functional  groups  such  as  hydroxyls,  -OH,  and  carboxylic,* 

—  C — OH  /  show  hydrogen  like  bonding  to  surface  ator:s. 

II 

0 


33 


(a  ) 


Donation  from  filled  TT-orbitals  to  vacant 
surface  at  om  or  bital 


(  b) 


Back  bonding  from  filled  surface  atom 
orbital  to  acceptor  tt*  orbitals 


Fig.  59.  Schematic  showing  bonding  of  molecules  to  semi¬ 
conductor  surfaces 
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Polymer  molecules,  which  are  normally  introduced  during 
chemo-mechanical  (intermediate)  polishing  stages  or  during 
final  non-contact  finishing,  contain  a  rather  large  number  of 
units  or  segments,  all  of  which  are  connected  in  a  single 
unit.  Due  to  the  large  molecular  size  and  availability  of 
multiple  functional  groups  of  molecules,  the  surface  binding 
is  very  effective  and  traces  at  surfaces  are  extremely 
difficult  to  remove  by  conventional  cleaning  techniques. 

In  addition  to  the  difficulties  presented  by  trace 
hydrocarbon  retention  at  surfaces  prior  to  layer  deposition 
and/or  passivation,  it  is  the  binding  of  metallics  in 
hydrocarbon  regions  or  directly  to  surfaces  that  introduces 
some  of  the  more  serious  problems. 

12.0  BINDING  OF  METALLICS  TO  COMPOUND  SEMICONDUCTOR  SURFACES 

Metallic  impurities  introduced  during  single  preparation  or 
processing  steps  in  the  II-VI  industry  are  present  in  various 
states.  These  include  metallic  oxides,  soluble  metallic 
complexes,  metal  "flakes,”  and  externally  introduced 
contamination  in  the  form  of  silicates.  The  binding  of 
metallic  impurities  to  surfaces  will  then  be  dependent  on  the 
physical  and  chemical  properties  of  the  associated  state.  In 
general,  the  interaction  between  metallic  contaminants  and 
surface  atoms  follows  the  behavior  of  available  bonding 
orbitals  of  the  metal,  as  well  as  the  surface  forces 
inherited  at  discrete  surface  sites. 

Transition  metal  oxide  contaminants  are  the  most  commonly 
detected  because:  (a)  they  are  used  in  metal  parts  or  glaze 
coatings  of  metal  parts;  (b)  they  are  sufficiently  electro¬ 
positive  to  dissolve  in  acids  routinely  used  for  etching  of 
compound  semiconductors;  and  (c)  the  transition  metals  have 
partially  filled  d  or  f-shells  that  allow  them  to  form 
complexes  with  ligands.  Ligands  can  stabilize  low  oxidation 
states  of  metal  atoms  due  to  the  fact  that  the  donor  atoms  of 
the  ligands  possess  vacant  orbitals  in  addition  to  lone 
electron  pairs. 

Metal  flakes,  metallic  oxides  and  silicates  can  adhere  to 
surfaces  via  a  strong  van  der  Waals  interaction  or  hydrogen 
bonding,  depending  on  the  charge  states  available  at  the 
surface.  The  presence  of  a  native  oxide  such  as  Te^jOy  will 
facilitate  this  type  of  interaction  because  of  charge^ 
accumulation  and  enhanced  hydrogen  bonding  in  the  presence  of 
residues . 
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Hydrocarbon  traces  adhering  to  compound  semiconductor 
surfaces  are  normally  not  effectively  removed  by  conventional 
cleaning  procedures.  In  the  presence  of  adhering  organic 
molecules  with  delocalized  TT  -  orbitals,  such  as  benzene 
and  unsaturated  hydrocarbons,  binding  of  metallic  impurities 
is  enhanced,  particularly  for  the  d-group  transitional 
metals.  In  addition,  the  partially  filled  d-orbitals  of  the 
transition  m.etals  have  a  strong  tendency  to  bind  with  the  sp^ 
hybridization  orbitals  of  the  surface  atoms,  particularly 
when  the  transitional  metal  atoms  have  been  stabilized  by 
ligands . 

Specific  types  of  surface  bonding  can  be  summarized  as: 

(a)  overlap  of  d-orbitals  of  metal  atoms  with  hybridization 
orbitals;  (b)  binding  of  d-orbitals  to  delocalized  rr- 
orbitals  of  adsorbed  organic  molecules  on  surface  sites;  and 
(c)  strong  dipole-dipole  interaction  of  metallic  complexes  to 
localized  surface  charge  sites.  To  illustrate  the  bonding 
mechanisms  in  more  detail,  we  show  schematically  in  Figs.  60 
and  61  the  adsorption  of  Fe203‘nH20  and  CuO  onto  surface 
regions.  Other  transition  metals  will  bind  to  the  surface  in 
similar  fashion. 

Although  the  descriptions  presented  have  by  necessity  been 
brief,  the  intent  v;as  to  discuss  mechanisms  that  would  be 
consistent  with  experimental  data  on  the  adherence  of 
metallics  and  organic  traces  to  surfaces. 

13,0  SCANNING  UV- LASER  CLEANING  OF  SEMICONDUCTOR  SURFACES 

Scanning  UV  laser  cleaning  has  been  used  on  single  crystal  Si 
and  polycrystalline  Si  layers  at  XMR  since  1982.  Since  this 
tine,  the  procedure  has  been  extended  to  GaAs,  InSb,  CdTe, 
CdZnTe,  and  HgCdTe,  It  has  been  shown  to  remove  hydrocarbon 
residues,  impurities,  particulates  and  native  oxides 
(depending  on  absorbance) .  The  technique  has  also  now  been 
successfully  applied  as  an  in-situ  (or  in-chamber)  cleaning 
procedure  for  GaAs  surfaces  prior  to  MBE  or  MOCVD  layer 
growth  of  GaAs  and  AlGaAs. 
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Fig.  60.  Bonding  of  iron  oxide  to  surfaces 


Bonding  of  copper  oxide  to  surfaces 


The  advantages  of  using  UV  (  \  =  193  nm  to  308  nm)  laser 
irradiation,  in  contrast  to  longer  wavelength  laser  exposure, 
is  in  the  shallow  absorption  depth  at  the  surface  and  the 
introduction  of  photochemical  and  photothermal  removal  of 
molecules  adsorbed  on  the  surface.  In  addition,  the 
effective  foirmation  of  photo-acoustic  waves  by  UV  laser 
irradiation  provides  sufficient  energy  to  kinetically  remo'^e 
particulates  from  bound  sites  on  surfaces.  Normal  UV  lamp 
exposure  is  ineffective  in  totally  desorbing  hydrocarbon 
residues  or  oxides  and  does  not  remove  particulates  at  all. 

The  shallow  absorption  depth  in  the  UV  wavelength  range  for 
most  elemental  or  compound  semiconductors  and  the  low  energy 
densities  required  for  cleaning  precludes  generation  of 
thermal  gradients  and  damage  within  near-surface  regions. 

This  has  been  confirmed  using  RBS,  RHEED,  TEM,  Auger  electron 
spectroscopy  and  DLTS  (Si)  measurements. 

Hydrocarbon  compounds  tend  to  absorb  readily  in  the  UV.  Bond 
breaking  is  achieved  at  relatively  low  fluences  in  the  193  nm 
to  308  nm  range.  In  Fig.  62,  the  binding  enthalpies  of 
single,  double,  and  triple  bonded  structures  are  listed  for 
reference. 

In  addition,  since  the  latent  heat  of  vaporization  is 
typically  in  the  range,  40-110  kJ/mole,  sufficient  energy 
density  is  available  for  volatilization  of  the  minute 
quantities  present  on  surfaces. 

Even  for  high  molecular  weight  organic  structures,  energy  is 
available  to  break  bonds,  giving  smaller  fragments  that  can 
be  photothermally  vaporized. 

Particulates  are  removed  from  surfaces  by  a  photo-acoustic 
effect.  Absorption  of  energy  within  a  shallow  region  of  a 
semiconductor  substrate  produces  an  acoustic  wave  that  is 
reflected  back  to  the  front  surface.  The  acoustic  mismatch 
between  the  particulate  and  substrate  results  in  forward 
momentum  transfer  to  the  particle.  Since  the  electrostatic 
and  capillary  binding  energies  of  the  particle  to  the  surface 
are  small  compared  to  the  energy  imparted  by  the  acoustic 
wave,  the  particle  is  ejected  at  measured  velocities  in  the 
range,  5-10  cm/ sec. 
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To  utilize  a  UV-laser  for  cleaning  of  semiconductors  requires 
that  the  beam  homogeneity  be  controlled  as  well  as  the  shot- 
to-shot  stability.  To  obtain  beam  uniformity,  a  multi¬ 
element  optical  homogenizer  (patented)  was  developed  by  XMR, 
providing  +/“  5%  uniformity  over  an  irradiation  area  from  2mm 
X  2mm  to  1  cm  X  1  cm.  The  unit  was  designed  to  provide 
variable  aspect  ratio  in  X  and  Y  axis  and  continuous 
adjustment  over  a  1  cm  range  in  either  axis. 

In  Fig.  are  shown  the  intensity  profiles  of  an  excimer 
laser  output  beam  before  and  after  homogenization.  The  beam 
from  all  excimer  lasers  shows  a  spatially  varying  profile 
that  is  not  very  useful  for  applications.  After 
homogenization,  however,  a  "top-hat”  profile  is  obtained  with 
sharp  abrupt  sides  and  little  or  no  intensity  variation 
across  the  beam  spot  area.  This  type  of  control  is 
absolutely  required  for  UV-laser  enhanced  deposition,  laser 
cleaning  and  other  applications. 

To  provide  a  clearly  defined  sample,  we  deliberately 
contaminated  a  CdTe  surface  with  residues  and  particulates. 
The  sample  was  then  placed  in  a  vacuum  chamber  and  pumped  to 
a  level  of  -  10“®  Torr.  The  surface  was  then  laser  scanned 
in  designated  areas  and  removed  from  the  chamber  for 
analysis.  In  Fig.  64  are  shown  micro  graphs  of  laser  cleaned 
areas  adjacent  to  control  or  contaminated  regions.  All 
particulates  and  hydrocarbon  residues  have  been  clearly 
removed  in  the  laser  cleaned  regions.  Evaluation  by  SIMS  and 
ESCA  shows  no  degradation  of  the  surface  region  and  the 
stoichiometric  ratio  remains  constant.  The  hydrocarbon, 
alkali,  metallic  and  tellurium  oxide  concentrations  are 
substantially  reduced  or  virtually  absent,  within  the 
detection  limits  of  the  ESCA  technique. 

Similar  analysis  of  less-contaminated  surfaces  cleaned  by 
conventional  procedures  shows  a  reduction  or  elimination  of 
hydrocarbon  and  impurity  traces  as  well  as  complete 
microparticulate  removal.  Figure  65  shows  superimposed  SIMS 
profiles  obtained  in  an  area  before  and  after  scanning  laser 
irradiation,  illustrating  the  effective  removal  of  surface 
contaminants. 
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Fiy.  0  \ .  Photomicrograph  showing  removal  of  residues 
and  particulates  on  semiconductor  surface 
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Fig,  65. 


SIMS  profiles  obtained  on  CdTe  "before**  and  **after" 

UV  laser  cleaning 
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14 . 0  CONCLUSIONS 


In  the  studies  conducted  over  the  past  two  years,  we  have 
examined  the  nucleation  of  impurity  clusters  in  LPE,  VPE, 
MOCVD,  MBE,  THM  and  SSR-HgCdTe  material.  A  wide  diversity 
was  found  to  exist  in  both  the  impurity  species  and 
concentration  of  impurity  clusters  observed  in  each  of  these 
systems.  The  techniques  developed  have  now  enabled 
identification  of  the  types  of  impurities  introduced  during 
growth  and  the  potential  sources. 

Surface  cleaning  procedures  used  at  XMR  since  1982  have  also 
been  shown  to  be  applicable  to  CdTe  (CdZnTe)  and  HgCdTe 
material.  Further  implementation  of  these  techniques  for  in- 
situ  or  in-chamber  surface  cleaning  should  be  productive. 

A  number  of  questions  still  remain  unresolved,  including: 

(1)  kinetics  of  nucleation;  (2)  influence  of  oxygen  on 
nucleation;  (3)  binding  states  of  impurities;  (4)  stability 
of  clustered  regions;  and  (5)  influence  of  growth,  parameters 
in  altering  concentration  of  Te-core  site  nucleation.  The 
ultimate  question,  however,  is  whether  the  sources  of 
impurities  can  be  eliminated  or  impurity  concentrations  can 
be  substantially  reduced. 
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